The effect of heat treatment on the microstructure and the mechanical properties of a 10%Cr steel with 0.008% boron was examined. The microstructure and the mechanical properties of this steel subjected to the normalizing were studied after tempering under different conditions. The layers of retained austenite are located along the lath boundaries. The formation of M23(B·C)6 phase having film-like shape takes place on interface boundaries of retained austenite/martensite during tempering at 525°C. As a result, the steel exhibits brittle fracture with a low value of Charpy V-notch impact toughness of 6 J/cm 2 . Particles of the M23(B·C)6 phase are highly resistant against the spheroidizing. The tempering at 770°C only leads to the coagulation of these particles; when the fraction of M23(B·C)6 phase significantly decreases while the fraction of M23C6 carbides increases. The tempered at 770°C steel exhibits a high value of Charpy V-notch impact toughness of 260 J/cm 2 . The effect of boron additives on the phase composition and the brittleness of high-chromium steels is discussed.
Introduction
The efficiency of fossil power plants depends on the steam temperature and pressure. 1) A key issue for achieving a steam temperature ranging from 600 to 650°C and a steam pressure of about 30 MPa is the development of 10-12%Cr martensitic steels with a high creep strength and sufficient fracture toughness for the components of steam turbines such as rotors and rotating buckets/blades. 1) Boron containing 10-12%Cr steels with Co, W and Mo additives are attractive candidates for these crucial parts; [1] [2] [3] [4] [5] [6] [7] [8] boron is considered as a very effective agent to enhance the creep strength. It is known [2] [3] [4] [5] [6] [7] [8] [9] [10] that the addition of boron decreases the coarsening of M23C6 carbides and leads to increased number density of these carbides because boron substitutes for carbon in M23C6, i.e. it forms M23(B⋅C)6 phase. As shown recently, 11) a fine dispersion of these carbides plays extremely important role in the stabilization of tempered martensite lath structure (TMLS) under creep conditions; most of M23C6 carbides locate on lath boundaries after tempering and, therefore, exert a large Zener drag pressure. Any increase in coarsening resistance of M23C6 particles and/or a decrease in their size is considered as the mechanism for the increase in creep strength of martensitic 9-12%Cr steels. 4, 9) On the other hand, a high boron content impairs hot workability and welding properties of heat-resistant steels 8) due to the formation of metal borides or boron nitrides (BN). In addition, boron containing low alloy steels exhibit inferior room temperature Charpy V-notch impact toughness because of the precipitation of large, more or less continuous carbide films on lath boundaries under tempering 12) or M23(B⋅C)6 particles situated on prior austenite boundaries. 13) Boron may segregate to prior austenite grain boundaries during cooling from high temperatures or/and under tempering at low temperatures, resulting in embrittlement.
2) The role of boron in embrittlement of martensitic 9-12%Cr heatresistant steels has not been detailed.
An appropriate microstructural design of boron containing heat-resistant steels is extremely important for turbine components, which should exhibit both strength (resistance to creep) and toughness (resistance to fracture). Optimal boron content for these steels depends on chemical composition and heat treatment. The microstructures of the boroncontaining 9-12%Cr steels were extensively studied in tempered and crept conditions. [2] [3] [4] [5] [6] [7] [8] [9] [10] However, a number of studies dealt with the examination of microstructure evolution during tempering is very limited. 7, 10) There is no sufficient information on redistribution of boron during tempering, mechanisms of boron enrichment for M23C6 carbides located on prior austenite grain boundaries and lath boundaries. These data are very important for the development of new generation of martensitic steels for steam turbines.
The aim of the present study is to examine the effect of tempering on the structure and mechanical properties of a 10%Cr steel containing 80 ppm of B. This steel was developed for use in trial rotor for a maximum application temperature of 630°C and refers to as TOS110. 1) Precipitation sequence under tempering in this steel was considered in detail in previous study.
7 ) The present work explores the role of boron in fracture toughness of this steel. © 2011 ISIJ
Experimental
Material and experimental techniques are described in previous work 7) in detail. In addition, it is necessary to report that all samples were initially normalized at 1 060°C for 30 min, air cooled and tempered at temperatures ranging from 300 to 800°C for 3 h each. Two types of tension tests were carried out on the samples with a transverse size of 3×5 mm by using the «Instron 5882» testing machine. First, the samples tempered at different temperatures were tested at ambient temperature. Second, each sample was tested at the tempering temperature (20-800)°C. The samples were deformed with a strain rate of 2×10 -3 s -1
. Hardness was measured by using the Wolpert 3000BLD device at room temperature. Charpy impact tests were carried out at ambient temperature on standard 10×10×55 mm 3 specimens with a 2 mm V-notch in accordance with ASTM E23-05 standard by using an Instron IMP460 machine with a capacity of 300 J.
The microstructures were analyzed by using a Jeol JEM-2100 transmission electron microscope (TEM) and a Quanta 600 scanning electron microscope incorporating an orientation imaging microscopy (OIM) system. The grain sizes were evaluated on the OIM images as an average distance between boundaries with misorientations above 15°. The transverse lath sizes were measured on the TEM micrographs by a linear intercept method, counting all clear defined (sub)boundaries. The dislocation density was estimated by counting individual dislocations revealed by TEM in lath interiors as described elsewhere.
14) X-ray diffraction analysis was performed by using a Rigaku Ultima IV device. The internal elastic strain was determined by using the Williamson-Hall method. The reflections of (110) and (220) were used for this analysis. Equilibrium phase diagrams, mole fractions of phases and their chemical compositions were calculated with a version 5 of the Thermo-Calc software using the TCFE6 database.
Experimental Results

Microstructure in Normalized Condition
Phase composition of the 10%Cr steel in normalized condition was studied in previous work.
7 ) The normalizing led to the formation of typical lath martensite structure having a four-level hierarchy in its morphology. The prior austenite grains (PAG), packets, blocks and laths 15) could be clearly distinguished ( Fig. 1(a) ). The high density of lattice dislocations of 3×10 14 m -2 is observed within the martensite laths delimited by low-angle boundaries (LAB) (Fig. 1(b) , Table  1 ). Several laths with the same crystallographic orientations aggregate to a block bounded by moderate-to-high angle boundaries ( Fig. 1 ) with misorientation being larger than 10.53°. 15) Most of blocks bounded partly by high-angle boundaries (HAB) and partly by moderate-to-high boundaries with misorientations ranging from 10.53 to 15°; the moderate-to-high block boundaries are in dominant ( Fig.  1(a) ). The packet is an aggregate of the blocks with the same {111}γ plane. 15) All boundaries of PAGs and packets are HABs ( Fig. 1(a) ). It is worth noting that dimensions of packets and blocks could not be determined with high accuracy, since the limited area could be subjected to careful orientation analysis. 15, 16) Therefore, it is reasonable to use a distance between HABs as a characteristic of martensite structure (Table 1) , which is ~3.6 μ m in normalized condition. TEM revealed the interlath films of retained austenite ( Fig. 1(b) ) with an average thickness of ~40 nm. The orientation relationship of (111) 
Mechanical Properties
The effect of tempering temperature on the mechanical properties including hardness, yield stress (YS), ultimate tensile strength (UTS), ductility (δ ), impact toughness and engineering σ-ε curves is presented in Fig. 2 . In addition, the values of internal elastic strain are shown in Fig. 2(a) . It is seen that at T≦300°C, the hardness and the internal elastic strains remain almost unchanged with increasing temperature. In the temperature interval of 350-525°C the hardness, the internal elastic strain, the YS and the UTS attain their highest values. After tempering at 525°C, the hardness increase is +5%, the internal elastic strain increase is +12%, the YS increase is +11%, and the UTS increase is +2% in comparison with the normalized state (Figs. 2(a), 2(b) ). At higher temperatures, the hardness, the internal elastic strain, the YS and the UTS tend to decrease extensively with increasing the temperature of tempering; e.g. the internal elastic strain decreases by a factor of 3 with increasing the temperature of tempering from 525 to 770°C.
An inspection of Fig. 2(b) shows that there is no significant effect of tempering temperature on the engineering curves. The extensive strain hardening takes place at early deformation ( Fig. 2(b) ). After reaching a maximum, the flow stress continuously decreases until fracture. The well defined peaks in flow stresses can be observed. After tempering at T>525°C, a small reduction in the strain-hardening coefficient with increasing the temperature of tempering is observed. Despite this fact the ductility decreases by a factor of about 2 after tempering at 350°C, remains essentially unchanged with increasing the temperature of tempering in the temperature interval of 350-525°C, and tends to grow with further increase in tempering temperature. It is known that ductility is strongly dependent on ability of material to suppress the neck formation under tension. In a case of pronounced strain hardening, a rapid increase of the flow stress within the necked region takes place. Hence, the neck undergoes extensive strain hardening, which inhibits its further development. Thus, a high strain hardening results in a high resistance to neck development and promotes large tensile elongations. The initial strain hardening is nearly the same for all specimens (Fig. 2(b) ). It is obvious that in the temperature interval of 350-525°C the premature fracture takes place due to crack formation on inclusions, diminishing the ductility. The dependence of Charpy V-notch impact energy on temperature of tempering supports this conclusion.
The 10%Cr steel in a normalized state exhibits a relatively low Charpy V-notch impact energy of 12 J/cm 2 ( Fig. 2(d) ). The minimal value of impact toughness (6 J/cm 2 ) is observed after tempering at 450-525°C (Fig. 2(d) ). In the temperature interval of 525-650°C the impact toughness gradually increases with increasing temperature; and after tempering at 750°C the 10%Cr steel exhibits Charpy Vnotch impact energy of 70 J/cm 2 , which is sufficient for turbine elements. Further increase of the temperature of tempering to 770°C leads to sharp increase in the impact toughness up to 260 J/cm 2 ( Fig. 2(d) ).
Typical engineering σ-ε curves of the 10%Cr at different temperatures are presented in Fig. 3(a) ; the YS, the UTS and the ductility are shown in Fig. 3(b) as functions of testing temperature. Jerky flow indicating dynamic strain ageing 18, 19) is observed at 300°C. In the temperature interval of 350-450°C the YS increases with temperature while the UTS does not change (Fig. 3(b) ). At these temperatures, the plastic flow is characterized by strain hardening and moderate values of elongation to failure. At temperatures near 525°C the marked drop in the total elongation occurs that complies with the minimum Charpy V-notch impact energy. Tempering at temperatures above 525°C leads to decreasing the YS and the UTS values, an apparent steady-state flow is (Fig. 3) . The elongation-to-failure increases from 7% at 550°C to 42% at 800°C (Fig. 3(b) ) despite the fact that no strain hardening takes place under deformation. Therefore, the ductility is controlled by crack initiation during tension rather than strain hardening.
Fractography
An examination of the fractured surfaces shows that increasing the temperature of tempering leads to transition from brittle fracture to ductile one (Fig. 4) . The percentage of shear (ductile fracture) in samples after soaking at 1 060°C following by normalizing and subsequent tempering at 650, 750 and 770°C is 0, 18, 42 and 73%, respectively (Fig. 4) . The cleavage facets surrounded by a narrow dimple region is indicative of the quasi-cleavage fracture of samples normalized (Fig. 4(a) ) and tempered at 650°C (Fig.  4(c) ) and 750°C (Fig. 4(d) ). In addition, the intergranular facets (Figs. 4(a)-4(c) ) indicate on intergranular fracture in these samples. Samples tempered at 770°C are fractured in essential ductile manner. Along with the cleavage facets with river pattern there are large smooth facets caused by plastic shear (Fig. 4(d) ). The dimples mainly exhibit the equiaxed shape. It is worth noting that the percentage of shear in samples tempered at 750°C and fractured at 20°C and samples tempered at 770°C and tested at 0°C (42 and 47%, respectively) are nearly the same.
Tempered Microstructure
The ) and thickness of martensitic laths remain unchanged during tempering at temperatures up to 525°C (Table 1 ). Tempering at higher temperatures leads to little changes in the martensite structure. The distance between HABs remains almost unchanged, the dislocation density in lath interiors decreases by a factor of 2, and the thickness of martensitic lath increases by 52% after tempering at 770°C. It was shown 20) that the coarsening of martensite laths occurs due to migration of a triple point of lath boundaries termed as Y-junction. A local coalescence of two neighboring lath boundaries, which are dislocation walls with small-angle misorientation, leads to minor decrease in the density of lattice dislocations. The lath boundaries exhibit ability for migration with increasing temperature to T≧650°C due to rearrangement of dislocations composing these boundaries. This process results in remarkable decrease in the internal elastic strain that is a decisive reason for decreasing strength with increasing temperature during tempering at T≧650°C. A decrease in dislocation strengthening also contributes to the softening during tempering. However, a role of this strengthening mechanism is not important. Carbides and the structure of lath boundaries are mainly responsible for decreasing the strength of tempered samples. It was recently shown that carbides situated at high-and low-angle boundaries of TMLS provide high creep strength of martensitic 10%Cr steels. 21) Volume fraction of M(C,N) carbonitrides tends to increase with increasing temperature of tempering; 7) their average size increases from 20 to 30 nm (Table 1) . These carbonitrides precipitate within the ferritic matrix and contribute significantly to strength. However, their role in the embrittlement after tempering at T<650°C is insignificant.
The retained austenite formed during normalizing is essentially stable during tempering at 350-525°C (Fig.   Fig. 3 . Engineering stress-strain curves at various temperatures (a) and variations of YS, UTS and ductility with temperature; all tests were carried out in the temperature interval 300-800°C. ISIJ International, Vol. 51 (2011), No. 11 6(a)). Chromium-rich M23C6 carbides start to precipitate under tempering at 450-525°C as films located on boundaries of PAGs within lamellas of retained austenite (Fig.  6(b) ). It is worth noting that nucleation of these carbides takes place on martensite/retained austenite interfaces. The retained austenite disappears after tempering at 650°C, while the films of M23C6 carbides are still observed along the boundaries. In addition, the formation of M23C6 carbides exhibiting equiaxed shapes with sizes ranging from 50 to 55 nm takes place on HABs and LABs (Figs. 5(c)-5(e)). It should be noted that HABs are clearly visible and carbides form the well-defined chains on these boundaries. A portion of these carbides exhibiting an essentially equiaxed shape apparently results from the spheroidizing of film-like M 23 C 6 carbides located on HABs. The fraction of the film-like carbides tends to decrease with increasing the tempering temperature. The spheroidizing is fully completed at 770°C; the M 23 C 6 carbides exhibiting the globular shape with an average size of about 60 nm (Fig. 6(f) ) are only observed on HABs and LABs of tempered martensite.
The EDX analysis revealed that the M 23 C 6 carbides contain mainly Cr and Fe. In addition, the presence of such elements as Mo, W and V was also detected within these carbides. Very high enrichment by B (20.9±8 wt.%) in the carbide indicated in Fig. 6 (e) was found for the M 23 C 6 carbide film located on HABs. Boron content in the globular M 23 C 6 carbides ( Fig. 6(f) ) is significantly less and ranges from 1.5 to 4.5 wt.%. Therefore, the globular M 23 C 6 carbides situated on HABs exhibit low boron content.
Discussion
An inspection of experimental results showed that the tempering embrittlement is attributed to the formation of the film-like M 23 (B·C) 6 phase on martensite/retained austenite boundaries in the temperature interval of 450-525°C. The 10%Cr steel exhibits very low toughness in a normalized state. As a result, additional embrittlement due to the precipitation of the film-like M 23 (B·C) 6 phase along boundaries of retained austenite/martensite leads to insignificant decrease in very low Charpy V-notch impact energy due to the brittle intergranular fracture. However, these film-like particles are responsible for a decrease in the tension ductility because of the premature fracture both at room temperature after tempering and at high temperatures. The enrichment by boron provides high resistance of the M 23 (B·C) 6 phase to the spheroidizing. It is apparent that this enrichment hinders the formation of globular particles of M 23 (B·C) 6 phase situated on HABs; globular M 23 C 6 carbides have four-fold decreased boron content.
The effect of boron content on the impact toughness of 9-10%Cr steels tempered at 750°C can be seen in Fig. 7 . The 7 . Effect of boron content on impact toughness of 9-10%Cr steels: P92 (0.003%B) 22) , 9%Cr (0.005%B) 22) , 10%Cr (0.008%B), tempered at 750°C. © 2011 ISIJ impact toughness of the present 10%Cr steel with 0.008%B is 70 J/cm 2 ; this value is significantly less than that reported for P92 steel with 0.003%B 22) and for the steel containing 0.005%B. 22) The values of Charpy V-notch impact energy for the present 10%Cr steel, P92 steel 22) and the steel containing 0.005%B 22) become almost the same, when the present steel is tempered at a higher temperature. Therefore, the 10%Cr steel containing increased boron content has to be subjected to the tempering at higher temperature in comparison with steels with lower boron content 23) in order to provide the spheroidizing and coagulation of the M 23 C 6 carbides. This is critically important to achieve high fracture toughness. Figure 8 shows a phase diagram calculated by ThermoCalc. It should be noted that the M 2 B and Cr 2 B phases were designated as dormant to show clearly the separation on M 23 C 6 #1 and M 23 C 6 #2. It was found that thermodynamically equilibrium two-phase separation on boron-rich M 23 (B·C) 6 phase (as M 23 C 6 #2 by Thermo-Calc) and carbon-rich M 23 C 6 (as M 23 C 6 #1 by Thermo-Calc) carbides takes place (Figs.  9(a), 9(b) ). In addition, M 23 (B·C) 6 phase is enriched by iron, and the M 23 C 6 carbides are enriched by tungsten (Fig. 9(c) ). At 525°C, the M 23 (B·C) 6 is an equilibrium carbide. As a result, only this phase precipitate as films along former retained austenite/martensite boundaries. Thus, the 10%Cr steel becomes brittle after tempering at 525°C due to the formation of films of the M 23 (B·C) 6 phase along HABs. An increase in the tempering temperature leads to precipitation of carbon-rich globular M 23 C 6 carbides on HABs and lath boundaries that leads to dissolution of the film-like M 23 (B·C) 6 phase in accordance with thermodynamic equilibrium ( Fig. 9(a) ). It is obvious that dissolution of this phase plays a major role in increasing the fracture toughness and the ductility with increasing temperature of tempering. It is worth noting that boron content in globular M 23 C 6 carbides is higher than that predicted by Thermo-Calc calculations. The film-like precipitates of M 23 (B·C) 6 phase exhibit a high resistance against spheroidizing and coagulation; the last process occurs only at T≧750°C and results in more than three-fold increase in Charpy V-notch impact energy. Therefore, an increase in boron from 0.005 to 0.008% leads to increase in the temperature, at which the disappearance of M23(B·C)6 films along HABs is terminated. The present 10%Cr steel becomes tough at 770°C in contrast with a 3%Co modified P911 steel becoming tough after tempering at 625°C. 23) It is worth noting that the additions of boron decrease the coarsening of M23C6 carbides due to the twophase separation. A high coarsening resistances of the M23(B·C)6 phase and the carbon-rich M23C6 carbides are attributed to boron and tungsten, respectively (Fig. 9(c) ).
Summary
The results of the study on the mechanical properties and microstructures of a 10%Cr steel with 80 ppm of B and 3%Co after tempering at temperatures of 300-800°C for 3 h can be summarized as follows:
(1) Thermodynamically equilibrium two-phase separation of M23C6 carbides on the film-like boron-rich M23(B·C)6 phase precipitated at boundaries of retained austenite/martensite during tempering at 450-525°C and globular carbonrich M23C6 carbides precipitated on martensite boundaries at T≧525°C takes place. The M23C6 carbides are enriched by tungsten. Precipitation of boron-rich M23(B·C)6 phase results in hardening and embrittlement; and the precipitation of the M23C6 carbides leads to softening.
(2) Film-like particles of the M23(B·C)6 phase results in the low impact toughness. The 10%Cr steel becomes tough only after partial dissolution and coagulation of this phase at 770°C. A strong segregation of boron within the film-like M23(B·C)6 phase retards the formation of globular carbides; the film-like carbides located on boundaries remain even after tempering at 750°C. The spheroidizing of these carbides requires a high tempering temperature above 750°C.
(3) Tempering affects insignificantly TMLS. After tempering at 770°C, the distance between HABs remains almost unchanged; the dislocation density in lath interiors decreases by a factor of 2; an increase in the thickness of martensitic lath is 52%. However, the internal elastic strain decreases by a factor of 3 with increasing the temperature of tempering from 525 to 770°C.
